ABSTRACT The hypothesis was tested that increased oxygen tensions during the plateau stage of oxygen consumption (25 and 26 d of incubation) would cause different metabolic responses from embryos selected for increased egg production or growth. Embryos were exposed to 171 or 152 mm Hg partial pressure of oxygen from 25 to 28 d of incubation, a time when the oxygen conductance properties of the eggshell are exceeded by the embryonic tissue demands for oxygen. Carbohydrate and lipid metabolism were observed by measuring plasma organic acids in embryos from selected lines and randombred controls. (E was selected for increased egg production; RBC1 is the randombred line from which it was selected. F was selected for increased BW; RBC2 is the randombred line from which it was selected.) During the plateau stage in oxygen consumption, RBC2 embryos
INTRODUCTION
Because of the decreased fractional percentage of air cell oxygen during the final stage of embryonic development (Rahn, 1981) , the embryo relies primarily on anaerobic metabolism for energy. Blood glucose increases steadily during this stage, and tissue glycogen stores decrease (Freeman, 1965) . The glucose from maternal investment in eggs is minimal by this time (Hazelwood, 1971) . Because the egg contains so little glucose, glycogen is synthesized and stored earlier in incubation in vital tissues as a source of glucose in preparation for the anoxia of hatching (Freeman, 1965) . Gluconeogenic processes provide the necessary carbohydrate for glycogen storage. The liver is essential to this process because it converts lactate into glucose-6-phosphate when blood glucose levels decline (Watford et al., 1981) . Heart and skeletal muscle 1 The use of trade names in this publication does not imply endorsement by the North Carolina Agricultural Research Service of the products mentioned nor criticism of similar products not mentioned. 2 To whom correspondence should be addressed: vern_christensen@ ncsu.edu 1601 responded to added oxygen by utilizing fat rather than carbohydrate, whereas F embryos responded by using less fat as well as less carbohydrate from the liver and kidney. The response of F embryos to added oxygen is the opposite that might be expected for aerobic metabolism. The reason that selection for growth has resulted in such a metabolism is unknown. The E embryos displayed depressed lactate and β-hydroxybutyrate levels, but plasma urates were elevated compared with RBC1, suggesting that the selection for egg production has also resulted in a unique metabolism. The embryonic processes described in the current study suggest that selected embryos are unable to respond to elevated partial pressure of oxygen by adjusting energy metabolism, which may result in increased embryonic mortality during this stage.
tissues lack the capability to recycle lactate. Therefore, the liver is a supply organ in this sense, and both heart and pipping muscle may be viewed as demand organs.
In a prior study examining the effects of an oxygensupplemented environment on the survival of turkey embryos between 25 and 28 d of development, we hypothesized that embryos from selected lines of turkeys may have died during the last week of incubation because of altered anaerobic metabolism (Christensen et al., 1997) . When selected and randombred control embryos were oxygenated during the 24th to 28th d of development, livability of control embryos was improved approximately 20%, but no concomitant decrease in mortality of selected lines was observed during these days of incubation. Because oxygen enrichment did not affect embryonic mortality observed at the later stages of developments among selected-line embryos, it was concluded that the reduced eggshell conductance of the selected lines (Christensen and Nestor, 1994) and its consequent hypoxia were probably not the reasons for increased embryonic mortality (Christensen et al., 1997) . It was speculated that the Abbreviation Key: E = line selected for increased egg production; F = line selected for increased BW; FFA = free fatty acids; RBC1 = randombred control line from which E was selected; RBC2 = randombred control line from which F was selected. metabolism of selected embryos might have been altered such that they are incapable of responding to hypoxia.
In the prior study, liver and muscle glycogen declined precipitously in embryos from selected lines compared with controls, and heart growth was reduced (Christensen et al., 1997) . The hypothesis was proposed that the metabolism of genetically selected turkey embryos has been altered such that they respond to hypoxia in a suboptimal way. The objective of the current study was to compare blood glucose and organic acid concentrations of embryos from selected and randombred lines when embryos were exposed to increased oxygen tensions during the plateau stage of oxygen consumption.
MATERIALS AND METHODS
The experiments reported here were conducted identically to those reported previously (Christensen et al., 1997) . Poults from four genetic lines were obtained from The Ohio State University. The lines have been described in detail elsewhere (Nestor and Noble, 1995) . The poults came from the F line, selected for increased 16-wk BW, and from the randombred control line from which the F line was selected (RBC2), as well as from the E line, selected for increased 180-d egg production and from the randombred control line from which the E line was selected (RBC1). The poults were grown using standard practices. The mature turkeys were photostimulated at 30 wk of age to initiate a reproduction cycle. The hens were inseminated artificially at weekly intervals with semen collected from hatchmate toms.
Eggs were collected as described in the prior experiment (Christensen et al., 1997) . All eggs were distributed randomly to incubators using random number tables to set and arrange eggs in the incubator trays. At the completion of 24 d of incubation, the eggs within a genetic line were randomly assigned to hatching baskets containing 24 eggs each. The baskets were then placed into one of two incubation cabinets for the actual hatching process. One half of the baskets were placed into a hatcher that was operated at normal hatching conditions. These conditions included atmospheric oxygen concentrations of 152 ± 3 mm Hg of oxygen, 36.8 ± 0.1 C dry bulb temperature, and 72 ± 3% humidity. The second incubation cabinet operated at the same dry bulb temperature and humidity but was supplemented with oxygen using a flowmeter from bottled gases and an oxygen regulator. The regulator was set to maintain 171 mm Hg of oxygen in the middle of the baskets of eggs. The oxygen tensions were verified using incubator gas sampling instruments twice daily.
One sensor recorded at the incubator gas outlet, whereas the other sensed conditions in the middle of the eggs.
Embryos were sampled randomly at the end of the plateau stage at external pipping and at the time of hatching. Eggs from each treatment were identified by a number, and the hatching process was observed at 4-h intervals using 24 randomly selected eggs with viable embryos. When half of the eggs were observed at a stage, that treatment group was sampled. The embryo or 
Column means followed by a different superscript differ (P ≤ 0.05).
1 NOX = embryos were exposed to 152 mm Hg of oxygen from 25 to 28 d of incubation; OX = embryos were exposed to 171 mm Hg of oxygen from 25 to 28 d of incubation.
hatchling was killed by decapitation, and a sample of trunk blood was collected quickly (<30 s) into vials containing 10 mg sodium heparin and placed immediately into an ice bath. The blood was centrifuged (700 × g under refrigeration at 4 C) for 15 min; then, the plasma was decanted and assayed for plasma organic acids using high-pressure liquid chromatography and the technique described by Donaldson and Christensen (1994) . Blood plasma glucose concentrations were determined on the same samples using the glucose oxidase technique described by Donaldson and Christensen (1991) .
Two replicate trials of the experiment were conducted. A total of six embryos (three per trial) per treatment combination were sampled at each stage of development for each oxygen concentration by line of turkey combination. The data were arranged in a 2 × 2 factorial design for statistical analysis by the GLM procedure of SAS. The main effects were genetic line (selected line vs randombred control line) and oxygen tension (171 mm Hg vs 151 mm Hg). Statistical differences were based on P ≤ 0.05. No significant differences were noted between trials, so the data were pooled for final analysis.
RESULTS
Turkey embryo blood plasma lactate concentrations were affected by genetic line, oxygen supplementation, and their interaction ( Table 1 ). The F-line embryos responded to the oxygen treatments in such a way that F 
1 NOX = embryos were exposed to 152 mm Hg of oxygen from 25 to 28 d of incubation; OX = embryos were exposed to 171 mm Hg of oxygen from 25 to 28 d of incubation. embryos without supplemental oxygen had significantly elevated blood lactate concentrations at external pipping compared with F-line embryos with supplemental oxygen. The opposite was observed for RBC2 embryos. Oxygen elevated RBC2 embryonic blood lactate concentrations compared with RBC2 embryos without supplementation. Elevated blood plasma lactate was also observed in F hatchlings compared with RBC2 poults regardless of the incubator oxygen treatment. The E-and RBC1-line embryos did not interact with the oxygen treatments, but blood lactate concentrations were elevated at external pipping in RBC1 embryos compared with E embryos (Table 1).
Turkey embryo blood plasma urate concentrations were affected by genetic line, oxygen treatment, and their interaction as well (Table 2) . Urate concentrations were elevated in control F embryos without supplementation compared with the oxygen-supplemented F embryos, but RBC2 embryos without supplementation exhibited elevated urates compared with those with supplemental oxygen. Both oxygen and genetic line influenced plasma urate concentrations at hatching. Oxygen supplementation increased urates compared with controls in F embryos, but oxygenated RBC2 embryos displayed lower urate concentrations than did controls. The E-and RBC1-embryo urate concentrations were affected by oxygen supplementation at hatching (Table 2) . Genetic line interacted with oxygen treatments to elevate plasma urates in oxygen-supplemented E hatchlings compared with nonsupplemented E embryos, but no differences were seen for the RBC1 hatchlings.
Blood plasma concentrations of β-hydroxybutyrate were also changed by the oxygen treatments (Table 3) . The F and RBC2 genetic lines interacted with the oxygenation at external pipping to affect blood β-hydroxybutyrate concentrations. Oxygen decreased the values in F-line embryos compared with no oxygen, but oxygen increased the values similarly in RBC2 embryos compared with controls with no oxygen. Table 3 shows the effect of oxygenation on embryos from the E and RBC1 lines. At external pipping, RBC1 embryos showed elevated β-hydroxybutyrate concentrations, and oxygenation decreased the blood plasma concentrations in both lines. No effects for β-hydroxybutyrate were seen in the E and RBC1 comparisons at hatching, and at no observed time did genetics interact with oxygen supplementation to influence concentrations.
Blood plasma glucose concentrations did not differ significantly by treatment or by treatment by genetic line interactions (data not shown). The concentrations found in F embryos tended to be depressed compared with those of RBC2 at times during the experiment.
DISCUSSION
Blood plasma glucose concentrations increase in turkey embryos as they approach hatching (Freeman, 1965) . Very little if any glucose remains in the egg contents at the latter Column means followed by a different superscript differ (P ≤ 0.05).
1 NOX = embryos were exposed to 152 mm Hg of oxygen from 25 to 28 d of incubation; OX = embryos were exposed to 171 mm Hg of oxygen from 25 to 28 d of incubation. stages of development (Hazelwood, 1971) ; therefore, the embryo has two sources upon which it can rely to increase blood glucose concentrations to survive pipping and hatching. The first is from stored glycogen in almost all tissues of the body; the second is gluconeogenesis. Available glucose may be more critical to turkey embryos during hatching because of the hypoxia created by the eggshell and because the increased metabolic body size of the embryo immediately prior to hatching may preclude the use of lipids for energy.
Gluconeogenesis in turkey embryos depends on two metabolic processes (Fasenko, 1996) . The first process utilizes lactic acid derived from muscle and recycles it to glucose-6-phosphate using hepatic enzymes (Watford et al., 1981) . The second mechanism, utilizing renal enzymes, converts gluconeogenic amino acids into glucose for energy but produces uric acid as a metabolic by-product. In birds, the second mechanism occurs primarily in the kidney (Watford et al., 1981) . Thus, if one assays blood for these organic acids, it can be inferred that the embryo is either utilizing recycled lactate (blood lactate concentrations) or amino acids (blood urate concentrations) to provide metabolic energy during times of oxygen deprivation.
The avian liver has the enzymatic capacity to divert some of the acetyl-CoA derived from fatty acid or pyruvate oxidation, presumably during periods of excess formation, into free acetoacetate and β-hydroxybutyrate. These ketone bodies are transported by the blood to peripheral tissues where they may be oxidized via the tricarboxylic acid cycle. This oxidation presumably occurs when there is ample oxygen for β-oxidation of fats. When excess ketone bodies are formed, the condition is known as ketosis. Ketosis may also occur when the formation of the ketone bodies by the liver exceeds the capacity of the peripheral tissues to utilize them, resulting in an accumulation in the blood.
Metabolic processes required for turkey embryos to successfully emerge from the shell at pipping and hatching, a time of hypoxia, have been altered by selection for rapid growth or increased egg production (Christensen et al., 1993) . The data from the current study imply that the genetic alterations may involve alterations in lactate recycling by the liver as well as renal conversion of amino acids into glucose. The increased metabolic processes may further influence both muscle and heart growth during hatching (Christensen et al., 1997) . The failure of embryos from each genetic line to adapt metabolically to different oxygen treatments in the present study was shown to involve decreased blood lactate concentrations and increased plasma urate production as well as differences in fat metabolism, indicated by elevated plasma levels of β-hydroxybutyrate.
Growth Line
When oxygen was supplemented to the incubators, RBC2 embryos increased their survival rates significantly, but embryos from the growth-selected line (F) did not survive any better with oxygen than without it (Christensen et al., 1997) . Despite differences in survival of the two lines, blood glucose concentrations remained fairly constant through the hatching process. Embryos from genetic lines selected for growth adjusted blood glucose concentrations differently than the randombred control in response to supplemental oxygen. Additionally, the genetic line selected for growth adjusted differently than did the line selected for egg production. In the comparison of the line selected for growth with its randombred control, lactate and urate concentrations were significantly depressed during eggshell pipping in the selected line when embryos were exposed to the supplemental oxygen compared with no oxygen, but were elevated in embryos from its randombred control. It may be inferred that when oxygen is added to growth-selected embryos, the liver responds by utilizing increased amounts of blood lactate while the kidney begins synthesizing amino acids to glucose. The data imply that in growth-selected embryos, the lactate is being removed from the blood and recycled by the liver as nitrogenous waste products from deamination (uric acid) are being added to the blood. This response is opposite to what might be expected during aerobic metabolism: one might expect that β-hydroxybutyrate would be added to the blood. The randombred control line from which the F line was selected responded to the supplemental oxygen by elevating blood lactate and urate concentrations, which would be expected because the embryo would rely less on gluconeogenesis and more on fat during times of hypoxia. Although significant interactions were not observed as the process progressed from pipping to hatching, it was apparent that the blood lactate concentration in the F hatchlings was greatly elevated compared with that of the RBC2 poults, suggesting that genetics following selection for increased growth has influenced gluconeogenesis at two levels, the liver and kidney, even after the hatching process.
Free fatty acids (FFA), although accounting for only 5% or the total plasma lipid, are of major metabolic importance to birds (Annison, 1971) . Fluctuations in plasma FFA occur in response to the nutritional status of the bird. In the fasted state and in the presence of adequate oxygen for metabolism (the embryo during pipping and hatching is fasted but hypoxic), fats are mobilized in the form of FFA, and their turnover rate is high. To assess lipolysis in the embryos exposed to supplemental oxygen, β-hydroxybutyrate, a FFA, was measured. Elevations in β-hydroxybutyrate should be indicative of increased lipolysis. Oxygen supplementation depressed concentrations of plasma β-hydroxybutyrate in F-line embryos compared with nonsupplemented controls, suggesting that oxygen negatively influences β-oxidation in growth-selected embryos. In randombred controls, the converse was observed, suggesting that selection for growth has altered this mechanism in turkey embryos. Such a mechanism would, again, be the opposite of the expected response to hypoxia and fasting. The reason this response occurred is not known. The fat metabolism of the F embryos was different than the randombred control line in the hatchling as well. Plasma β-hydroxybutyrate concentrations were nearly fivefold elevated in growth-selected hatchlings compared with RBC2 hatchlings.
Egg Production Line
The E-line embryos also failed to respond to supplemental oxygen with increased survival rates during pipping and hatching, though their corresponding randombred control line embryos did respond favorably (Christensen et al., 1997) . Supplemental oxygen depressed plasma lactate in both the selected (E) and randombred control lines (RBC1), but plasma urates were elevated by oxygen in the E-line hatchlings compared with no oxygen. No similar response was noted for the RBC1 hatchlings, which suggests that the renal enzymes in E embryos were breaking down gluconeogenic amino acids during the actual emergence from the shell, thus assisting in embryonic survival. The added glucogenic activity may indicate why the E-line embryos failed to survive at a better rate when placed in an incubator with supplemented oxygen. The actual late pipping and hatching process in the E embryo may demand more energy during hypoxia than the metabolism of the egg production-selected embryos is able to provide.
Plasma levels of β-hydroxybutyrate were depressed in the oxygenated environment in both strains, suggesting that embryos from both genetic backgrounds responded to oxygen as did the RBC2 embryos. The embryos from all three genetic lines appeared to utilize fat, probably from the yolk, when there is sufficient oxygen in their environment. This fat utilization indicates that the genetics of E or egg production-selected embryos for embryonic fat metabolism has not been altered as it was observed in the growth-selected embryos.
Summary and Conclusions
The current study describes embryonic metabolic processes that may have been altered by genetic selection over many generations. Selection for growth (F), which has simultaneously decreased hatchability compared with randombred controls (RBC2), has resulted in decreased plasma lactate, urate, and β-hydroxybutyrate concentrations during the plateau stage. In contrast, selection for egg production (E), which has improved hatchability compared with randombred controls, has not affected plasma concentrations of lactate or β-hydroxybutyrate but has elevated urates compared with controls. These data suggest that gluconeogenesis may be involved in the increased mortality seen in F-line embryos. The data suggest further that the failure of F embryos to respond to increased oxygen tensions with improved livability may be due to reduced gluconeogenesis. The E-line embryos appear to have retained their ability to maintain blood glucose concentrations in response to hypoxia without elevating lactate or β-hydroxybutyrate, but urates were elevated. The reason that the E embryos did not use lactate or β-hydroxybutyrate to improve livability when exposed to supplemental oxygen is unknown.
